This paper builds on preliminary work in which numerical simulations of the collisional disruption of large asteroids (represented by the Eunomia and Koronis family parent bodies) were performed and which accounted not only for the fragmentation of the solid body through crack propagation, but also for the mutual gravitational interaction of the resulting fragments. It was found that the parent body is first completely shattered at the end of the fragmentation phase, and then subsequent gravitational reaccumulations lead to the formation of an entire family of large and small objects with dynamical properties similar to those of the parent body. In this work, we present new and improved numerical simulations in detail. As before, we use the same numerical procedure, i.e., a 3D SPH hydrocode to compute the fragmentation phase and the parallel N-body code pkdgrav to compute the subsequent gravitational reaccumulation phase. However, this reaccumulation phase is now treated more realistically by using a merging criterion based on energy and angular momentum and by allowing dissipation to occur during fragment collisions. We also extend our previous studies to the as yet unexplored intermediate impact energy regime (represented by the Flora family formation) for which the largest fragment's mass is about half that of the parent body. Finally, we examine the robustness of the results by changing various assumptions, the numerical resolution, and different numerical parameters. We find that in the lowest impact energy regime the more realistic physical approach of reaccumulation leads to results that are statistically identical to those obtained with our previous simplistic approach. Some quantitative changes arise only as the impact energy increases such that higher relative velocities are reached during fragment collisions, but they do not modify the global outcome qualitatively. As a consequence, these new simulations confirm previous main results and still lead to the conclusion that: (1) all large family members must be made of gravitationally reaccumulated fragments; (2) the original fragment size distribution and their orbital dispersion are respectively steeper and smaller than currently observed for the real families, supporting recent studies on subsequent evolution and diffusion of family members; and (3) the formation of satellites around family members is a frequent and natural outcome of collisional processes. c 2002 Elsevier Science (USA)
INTRODUCTION
In this paper, we present in detail our simulations of the collisional disruption of large asteroids in different impact energy regimes. Our aim is to establish the robustness of the gravitational reaccumulation process as a general mechanism for the formation of asteroid families (Michel et al. 2001) . For this purpose, we have performed a number of new simulations with an improved physical treatment of the reaccumulation phase and varied various free parameters to assess the sensitivity of our results. As in Michel et al. (2001) , we limit ourselves to solid parent bodies and leave the study of partially/totally shattered parent bodies to a forthcoming paper.
Observed asteroid families in the main asteroid belt are each composed of bodies which originally resulted from the break-up of a large parent body (e.g., Farinella et al. 1996) . More than 20 asteroid families have been identified, corresponding to groups of small bodies well concentrated in proper orbital element space (Milani and Knezěvic 1990 , 1994 and sharing similar spectral properties (see, e.g., Zappalà et al. 1995) .
Interestingly, the theory of the collisional origin of asteroid families rests entirely on these similarities in dynamical and spectral properties and not on the detailed understanding of the collisional physics itself. Indeed, laboratory experiments on centimeter-scale targets, analytical scaling rules, or even complete numerical simulations of asteroid collisions have been so far unable to reproduce the physical and dynamical properties of asteroid families (e.g., Ryan and Melosh 1998) . The extrapolation of laboratory experiments to asteroidal scales yields bodies much too weak to account for both the mass spectrum and the dynamical properties of family members. In other words, in a collision resulting in a mass distribution of fragments resembling a real family, the ejection velocities of individual fragments are much too small for them to overcome their own gravitational attraction. The parent body is merely shattered but not dispersed and therefore no family is created. Conversely, matching individual ejection velocities and deriving the necessary fragment distribution results in a mass spectrum in which no big fragment is present, contrary to most real families (e.g., Davis et al. 1985 , Chapman et al. 1989 .
The collisional origin of asteroid families thus implies that not only the parent body (up to several hundred kilometers in size) has been shattered by the propagation of cracks but also that the fragments generated this way typically escape from the parent and reaccumulate elsewhere in groups in order to build up the most massive family members. Such a process has already been suggested (e.g., Chapman et al. 1982) , but the formation of many large family members by reaccumulation of smaller fragments has only been demonstrated recently (Michel et al. 2001) . In this work, we simulated the formation of asteroid families in two extreme regimes of impact energy leading to either a small or a large mass ratio of the largest remnant to the parent body M lr /M pb . Our procedure used a three-dimensional SPH hydrocode to compute the fragmentation phase in the parent body due to the impact of a projectile, and a parallel N -body code to compute the subsequent gravitational interaction of the hundreds of thousands of fragments. In the present paper, we add results for the intermediate regime in which M lr /M pb is around 0.5. Michel et al. (2001) assumed somewhat unrealistically that particles colliding during the gravitational phase always stuck perfectly and merged regardless of relative velocity and mass. Here we improve on this treatment by allowing for the dissipation of kinetic energy in such collisions and applying an energy based merging criterion (see Section 2.2 for details).
Aggregates of gravitationally bound fragments, as the ones formed in our simulations, are usually defined as rubble-piles in the asteroidal community, which means that they are loose aggregates of fragments held together by gravity. A detailed definition and a review of this topic are presented by Richardson et al. (2002) . Roughly, such bodies have little to no tensile strength; i.e., they can be torn apart easily by planetary tides. Only indirect evidence for such structures exist. Indeed, the structural properties of asteroids are difficult to establish since directly measurable quantities do not distinguish between solid bodies and rubble piles. Rubble piles have been invoked to explain, for instance, the low density of some observed bodies such as 253 Mathilde whose measured density by the NEAR probe is 1.35 g/cm 3 (Yeomans et al. 1997) or the lack of fast rotators among asteroids with sizes larger than a few hundred meters (Pravec and Harris 2000) . The possibility that at least the largest fragment from a collision consists of a rubble pile has been recently suggested by means of numerical simulations (Benz and Asphaug 1999) . The effect of gravitational reaccumulation was then estimated by a procedure which consists of searching for gravitationally bound debris immediately following the collision (see Section 3). Decoupling the fragmentation from the subsequent gravitational reaccumulation is justified by the large time scale difference of the two processes. On one hand, cracks propagate with a velocity close to the sound speed which allows them to traverse a 100 km rocky body in a few tens of seconds. On the other hand, gravitational reaccumulation proceeds on a time scale of τ ≥ (Gρ) −1/2 ≈ 2200 s (using a bulk density ρ = 2.7 g/cm 3 ). Hence, by the end of fracturing, gravity has hardly had a chance to affect the dynamics of the fragments.
In our simulations, the collisional process is carried out to late times (typically several days), during which the gravitational interactions between the fragments can eventually lead to the formation of rubble piles far from the largest remnant (Fig. 1) . The new simulations also cover different collisional regimes. These regimes, from barely disruptive to highly catastrophic, can be related to three representative asteroid families (Eunomia, Flora, Koronis). The largest body in each of these families represents respectively 70%, 50%, and 4% of the mass of the parent body. In each regime, we compared the results of the simulations assuming systematic merging of colliding particles during the gravitational phase with the outcomes of simulations that allow inelastic bouncing. We also performed several simulations in which we changed different free parameters to check the sensitivity of the results and, in some cases, we also used different impact conditions to show that these lead statistically to the same outcome. In the case of Koronis, we ran a simulation in which the parent body evolved on a heliocentric orbit with parameters of the barycenter of the family and analyzed whether the presence of the Sun can influence the collisional outcome, even if the collision times scale remains rather short with respect to the orbital period. Table I summarizes the different kinds of simulations that will be discussed. In Section 2, we recall the computational methods used to perform these simulations and explain the improvements. The procedure used to find impact conditions leading to the regime of interest is recalled in Section 3. Sections 4, 5, and 6 show the results for impact energy regimes represented by, respectively, Eunomia, Flora, and Koronis. Since several simulations have been performed for each case to check their robustness, a comparison between these simulations is also detailed in the relevant sections. Section 7 discusses the interpretation of these results in the context of the real families. Our simulations also confirm that the formation of families is generally accompanied by formation of satellites around some fragments, a topic presented in Section 8. Finally, Section 9 summarizes and discusses these results. Note. STIC and SPIC refer to simulations with either perfect merging of colliding particles or possible inelastic bouncing, respectively. "Nb particles" indicates the number of particles initially defining the target. Impact conditions are defined by the specific impact energy Q = (Projectile kinetic energy)/(Target mass) in erg/g and the projectile's angle of incidence θ . M lr /M pb and V lr are, respectively, the resulting mass ratio of the largest remnant to the parent body and the largest remnant ejection speed.
COMPUTATIONAL METHODS

Fragmentation Phase: 3D Hydrocode Simulations
Our calculations first start with an educated guess at the initial conditions needed to reproduce some observed case. The bodies are assumed to be monolithic basalt bodies with the most recent estimate of the size of the parent body of the corresponding family (Tanga et al. 1999) . The outcome of the collision is then computed using, for the fragmentation phase, a threedimensional smooth particle hydrodynamics (SPH) code (Benz and Asphaug 1995) . This code solves in a Lagrangian framework the usual conservation equations (mass, momentum, and energy) in which the stress tensor has a nondiagonal part, the so-called deviatoric stress tensor for which the rate of change is assumed to be proportional to the strain rate (Hooke's law).
We used the so-called Tillotson equation of state for basalt (Tillotson 1962, Asphaug and Melosh 1993) , which has the advantage of being computationally expedient while sophisticated enough to allow its application over a wide range of physical conditions. Plasticity is introduced by suitably modifying the stresses beyond the elastic limit using a von Mises yielding relation. For the lower tensile stresses associated with brittle failure, we used a fracture model based on the nucleation of incipient flaws whose number density is given by a Weibull distribution (Weibull 1939, Jaeger and Cook 1969) .
Gravitational Phase: N -Body Simulations
The collisions considered here are energetic enough to shatter the parent bodies into fragments smaller than our numerical resolution limit. As a consequence, we are unable to derive a typical size for the boulders making up the different members of the resulting family. We can only place an upper size limit of intact fragments surviving the collision, which is typically about 2 km for a 100-km radius basaltic parent body. We do not believe that this resolution effect changes much the result of the gravitational reaccumulation phase. This is probably best evidenced by comparing the size distribution of the Koronis family members obtained using 2 × 10 5 and 5 × 10 4 particles (Fig. 4) . Clearly, the differences are marginal at most.
Once the collision is over and fracture ceases, the hydrodynamical simulations are stopped and intact fragments (if any) are identified. These fragments as well as single particles and their corresponding velocity distribution are fed into an N -body code which computes the dynamical part of the evolution of the system to late time. Note that since the total mass is fixed, the extent of the reaccumulation is entirely determined by the velocity field imposed by the collisional physics upon the individual fragments.
Since we are dealing with a fairly large number of bodies that we want to follow over long periods of time, we use a parallel N -body hierarchical tree code (Richardson et al. 2000) to compute the dynamics. The tree component of the code provides a convenient means of consolidating forces exerted by distant particles, reducing the computational cost. The parallel component divides the work evenly among available processors, adjusting the load each time step according to the amount of work done in the previous force calculation. The code uses a straightforward second-order leapfrog scheme for the integration and computes gravity moments from tree cells to hexadecapole order. Particles are considered to be finite-sized hard spheres and collisions are identified each step using a fast neighbor-search algorithm.
We assume that fragments, regardless of their mass, have the same density ρ and always remain spherical. Thus, whenever two fragments collide and merge, the resulting single fragment is located at and given a velocity equal to the center of mass of the system, with a mass equal to the sum of the individual masses. The radius is then computed from the mass and the density, assuming spherical shape. Owing to the nature of the smoothing kernel in the SPH code, the initial conditions for the Nbody code may contain some particles that overlap initially. These are merged immediately if they are less than a few tens FIG. 1. Images taken from the simulations of the gravitational phase of the disruption of: (a) Eunomia, (b) Flora, (c) Koronis. These pictures show the same instant in this phase (≈84 minutes after fragmentation) and so serve to emphasize the different time scales involved in the three different impact energy regimes: the largest fragment of Eunomia is almost already formed whereas that of Flora is growing and the reaccumulation process of Koronis has barely started at this instant.
in number, otherwise the radii are reduced (keeping the mass constant) until the number of overlaps drops within this range. Some tests have been performed which indicate that the radius reduction factor does not affect the final outcome.
The simulations presented by Michel et al. (2001) assumed perfect sticking, which means that all colliding fragments were forced to stick regardless of their relative velocities. Here we improve our treatment of fragment collisions by using a merging criterion based on relative velocity and angular momentum. Fragments are allowed to merge only if their relative velocity is smaller than their mutual escape velocity and/or when the resulting spin of the merged fragment is smaller than the threshold value for rotational fission. Nonmerging collisions are modeled as bounces between hard spheres whose postcollision velocities are determined by the amount of dissipation taking place during the collisions. The later is determined in our simulations by the coefficient of restitution in the tangential and normal directions (see Richardson 1994 for details on this computation). Since the values of these coefficients are poorly constrained, we chose to set them arbitrarily equal to 0.5.
SEARCHING FOR IMPACT CONDITIONS
Since the initial conditions that lead to a given set of properties characterizing the largest member of a given family are unknown, we must proceed by trial and error until the outcome matches the required characteristics. To speed up this phase of the process, we do not integrate the system to late times using the N -body code but rather apply the iterative procedure used by Benz and Asphaug (1999) to identify the largest fragment. This procedure is adapted from techniques used in simulations of galaxy formation. The binding energy of all intact fragments with respect to the largest one, or if too small, to the one closest to the potential minimum, is first computed. This serves as a seed for nucleating the total bound mass. Unbound particles are discarded, and the center of mass position and velocity of the aggregate are computed. Using this aggregate as a new seed, the procedure is iterated until no particles are discarded. After typically 5-10 iterations, convergence is achieved and a friends-offriends algorithm is finally used to check that fragment members of this gravitationally bound aggregate are also spatially close. Dynamical parameters such as mass, position, and velocity are also determined for this gravitationally bound aggregate. Except in the case where the largest fragment represents typically less than 10% of the parent body's mass, this procedure has been quite successful at predicting the actual characteristics of the largest remnant.
SIMULATIONS OF COLLISIONS IN THREE DIFFERENT REGIMES OF IMPACT ENERGY
Barely Disruptive Event: Formation of Eunomia-like Family
Our first aim was to create a family with a fairly large mass ratio M lr /M pb of largest remnant to parent body. A good example is the Eunomia family (Michel et al. 2001) . The list of family members is thought to be complete for bodies with diameter larger than 11 km (the completeness limit diameter for this family); there are 110 Eunomia members larger than this value. However, some of these identified family members may actually be interlopers, i.e., asteroids classified as members using the standard identification techniques but not belonging to the set of fragments originating from the parent body (Migliorini et al. 1995) . In particular, the second and third largest members are certainly interlopers, since they display featureless spectra similar to C-type asteroids, in contrast with the other members, which have been characterized as S-type (Lazzaro et al. 2001) .
The estimated diameter of the parent body is 284 km (Tanga et al. 1999) and M lr /M pb = 0.72. It has thus been defined as a partially disrupted family (Marzari et al. 1999) .
Results of the simulation with perfect sticking of colliding particles during the gravitational phase have already been presented (Michel et al. 2001) . Here we present new simulations including inelastic bouncing between colliding particles during the gravitational phase. For the fragmentation phase, SPH simulations are those of Michel et al. (2001) . In these simulations, a 284 km-sized solid target represented by ∼10 5 SPH particles was broken up. Since spectral properties of Eunomia members have features of the S taxonomic type, the bulk density of the particles was assumed to be 2.7 g/cm 3 , which matches the bulk density of observed S-type asteroids such as Ida or Eros (Thomas et al. 2000) . It is not certain that the grain density is actually equal to the bulk density for such asteroids, but since the size of the parent body is fixed, matching the bulk density implies at least the same mass for the parent body. Moreover, the choice of material for which the equation of state and fracture parameters are known is limited, and the values adopted here correspond to basalt. From the particle masses and their assumed spherical shape, a particle radius of ≈3.07 km is estimated. A mass ratio close to the real one (M lr /M pb = 0.70) was then produced by a "head on" collision of a projectile 48 km in diameter at 6 km/s. This corresponds to a specific impact energy Q = E/M pb = 8.7 × 10 8 erg/g, where E is the kinetic energy of the projectile and M pb is the parent body mass. One important result is that these impact conditions completely shatter the target down to the SPH resolution limit at the end of the fragmentation phase, so that the number of fragments equals the number of initial SPH particles. However, the subsequent gravitational phase leads to the formation of a largest remnant with the expected mass as a result of gravitational reaccumulation of smaller particles. The outcome of the full process is then a mass spectrum of well-dispersed large and small fragments, in agreement with the definition of an asteroid family (Michel et al. 2001) . In this first simulation during which colliding particles systematically merged (hereafter referred to as a STIC for Simulation with Totally Inelastic Collisions), the integration step size was equal to 5 s. We checked that even using 10 times this value, identical results are obtained. However, to be conservative, we will keep 5 s as a step size in all our simulations.
In order to check whether the assumption of perfect merging is not too simplistic even in a low collisional regime, we used the same starting conditions at the end of the fragmentation phase to perform several N -body simulations in which we included the possibility of particle bouncing (hereafter SPIC for Simulation with Partially Inelastic Collisions). The remaining particles either produce other smaller rubble piles, well separated from the largest, or simply escape the system as individual particles. Individual particles represent 27% of the parent body mass at the end of the simulation, which is similar to the 26% obtained with STIC. This shows that only a few small particles experience high velocity collisions. Thus, this improved simulation confirms the results of Michel et al. (2001) and shows that gravitational reaccumulation takes place and is at the origin of the formation not only of the largest remnant but also of the other large fragments with size above the simulation resolution. The outcome is finally a size distribution of fragments, which, as Fig. 2 (top) shows, almost exactly matches the one obtained with STIC. The largest remnant contains about 69% of the parent body's mass. The next two largest fragments of the distribution have diameters equal to respectively 34.5 km and 12.1 km, again of the same order as those obtained by STIC (35.04 km and 12.3 km). They are also identical to the estimated values for the real Eunomia members (32.4 km and 14.3 km), if we neglect the two bigger members identified as interlopers from their spectral properties (Lazzaro et al. 2001) . Interpretations of these results when compared to the real family are discussed later (Section 7). The final configuration was measured 5.8 days after impact, well beyond the time (roughly 1.7 days after impact) when there were no further statistically significant changes in the size and ejection velocities.
Concerning the ejection velocities with respect to the parent body's center of mass (Fig. 5) , for the 1064 fragments of diameter larger than the mimimum size constrained by the resolution, the maximum speed is 0.725 km/s, and as Table II shows, SPIC and STIC result in statistically similar fragment ejection velocities. Thus, in impact energy regimes leading to values of M lr /M pb well above the so-called critical value of 0.5, the details of the reaccumulation process do not have major statistical consequences on the collisional outcome.
Intermediate Regime: Formation of Flora-like Family
In this section, we study the intermediate regime which corresponds to M lr /M pb close to 0.5. An interesting example is the Flora family, which is characterized by a parent body of diameter 164 km (Tanga et al. 1999) and M lr /M pb = 0.57. We used 2 × 10 5 SPH particles to define the parent body. The minimal radius of the particles is thus ≈1.407 km.
For our first Flora simulation, we used a projectile 48 km in diameter impacting at 5 km/s with an angle of incidence of 66
• , corresponding to Q = 3.1 × 10 9 erg/g. According to the iterative procedure, this should lead to M lr /M pb = 0.56 and a largest remnant velocity close to 0.039 km/s, of the same order of the value estimated for the real one (Cellino et al. 1999 ). The 
FIG. 2.
Cumulative diameter distributions (in km) of the fragments resulting from the three simulations of family formation in a log-log plot: Eunomia (top), Flora (middle) and Koronis (bottom); STIC indicates simulations with perfect merging of colliding particles during the gravitational phase, whereas SPIC means that particle bouncing can occur according to fixed criteria (see text for details). The names at the top of the plots correspond to the real family names; i.e., these simulations were performed using a target with diameter and bulk density corresponding to the parent body of these families. The number of particles used to define the target is also indicated on the plots. Note. The column α gives the values of the exponent of the power law fitting the cumulative size distribution of fragments in our simulations. For the real families, these have been estimated by Tanga et al. (1999) . The power law is defined by N (>D) = D α , where N (>D) is the cumulative number of fragments with size greater than D. "Nb R > R min " is the number of fragments which have suffered at least one reaccumulation and V ej (m/s) is the mean ejection speed of those fragments.
SPH simulation resulted again in a completely fragmented parent body. The gravitational interaction of the 2 × 10 5 fragments computed by STIC leads to M lr /M pb = 0.57 and a size spectrum composed of other large fragments with diameters ranging from 15 km down to the resolution limit as a result of gravitational reaccumulation (see Fig. 2, middle) . Note that several asteroids with size greater than our 15-km second-largest fragment have been identified as members of the real Flora family. However, the characterization of the Flora family itself is subject to many uncertainties, which will be discussed in Section 7.
To check whether different impact conditions leading to the same value of M lr /M pb could produce a second-largest fragment with a greater diameter, we performed another STIC simulation with the same target (2 × 10 5 particles), but a projectile 30 km in diameter impacting at 5 km/s with an angle of incidence of 14
• . The specific impact energy Q = 7.6 × 10 8 erg/g is lower than the previous case, but the iterative procedure gives a similar value of M lr /M pb . This is consistent with previous studies, which have shown that an impact at low angle of incidence requires a lower impact energy to achieve the same degree of fragmentation as an impact at higher angle of incidence and higher impact energy (Benz and Asphaug 1999) . From the N -body STIC simulation, we obtain M lr /M pb = 0.59, and a smaller velocity of the largest remnant (0.014 km/s). A second-largest fragment as small as the previous one is again obtained. Figure 3 shows the size distribution of the fragments produced by both simulations, 11.3 days after the impact, when no significant evolution is observed anymore. As one can see, the first STIC produces more large fragments than the second one, but both distributions are very steep, starting from the third-largest fragment. Thus, qualitatively, the two impact conditions lead to the same outcome: a very steep size distribution in which the largest remnant remains well separated from the other large fragments. Note however that using a rubble pile and/or a nonspherical parent body may not lead to this conclusion and this will need further investigation.
Concerning ejection velocities, the second STIC results in a slightly larger mean value (Table II) , while the largest remnant has a much smaller velocity than in the first STIC simulation.
We then ran another simulation using the first impact conditions and including the possibility of particle bouncing during the gravitational phase. This simulation (SPIC) was again stopped well after any significant changes were observed, 5.8 days after impact. It produced similar results to the STIC case. In particular, it led to M lr /M pb = 0.57 with a largest remnant velocity of 0.039 km/s. However, in this regime, more frequent collisions at high velocities occur between particles. Consequently, some differences in the size distributions of the two simulations can be noted. In particular, fewer large fragments are produced in SPIC and 2,552 fragments have a radius larger than the resolution; i.e., about half the number of those produced by STIC. Also, SPIC produces second-and third-largest fragments detached from the main distribution, unlike STIC. Statistically however, both size distributions are characterized by a very steep slope (see Fig. 2 , middle) and ejection velocities are of the same order (Table II) . Therefore, in the intermediate regime, the more simplistic simulation (STIC) gives the same global outcome properties as the more realistic SPIC one, even though the latter prevents many mergers from occurring due to high-speed collisions.
Highly Catastrophic Break-up: Formation of Koronis-like Family
Our last goal was to create a family with a small M lr /M pb , such as the Koronis family, for which the completeness limit 
FIG. 3.
Cumulative diameter distributions (in km) of the fragments resulting from the two STIC of the Flora family formation in a log-log plot. In Flora I, a projectile 48 km in diameter impacts the 164 km-size target at 5 km/s with an angle of incidence of 66 • , whereas in Flora II, a projectile 30 km in diameter impacts with the same velocity but at an angle of incidence of 14 • . diameter is 13 km, above which 55 members are identified. The most recent estimate of the parent body diameter is 119 km (Tanga et al. 1999) . For this family, M lr /M pb = 0.04, which indicates that it must have been created through a highly catastrophic event. We performed several SPH simulations using 2 × 10 5 SPH particles (corresponding to spherical particles of 1.029 km in radius). The impact conditions were characterized by a projectile 60 km in diameter colliding at 3.25 km/s with an angle of incidence of 75
• ; i.e., Q = 6.8 × 10 9 erg/g. As for the previous cases, the fragmentation phase resulted in a completely shattered parent body.
The outcome of the gravitational phase using STIC was presented in Michel et al. (2001) . Before making more realistic simulations, we performed two other STIC starting from the same impact conditions. They both used 4 times fewer SPH particles than the first one (i.e., 5 × 10 4 particles instead of 2 × 10 5 ), and one was performed with the parent body placed in orbit around the Sun. For the latter, we used the orbital elements of the barycenter of the real family (semi-major axis a b = 2.876 AU, eccentricity e b = 0.048, and inclination I b = 2.1
• ). These two simulations were designed to check the resolution sensitivity and to see whether the presence of the Sun has an influence on the collisional outcome. Indeed, the evolution time scale in the catastrophic regime can be much longer than in impact energy regimes of lower energy, since many reaccumulations take place via mutual perturbations well after the fragments have spread out on their ejection trajectories. Consequently, the stochasticity of the process is stronger than in less energetic regimes, and greater differences can be expected between simulations which differ by changes in parameters such as the resolution. Moreover, in such a case, it becomes interesting to see whether the presence of the Sun has an effect within the time scale required to end the collisional reaccumulation process. Figure 4 shows that the size distributions of the fragments from the simulations with 5 × 10 4 particles either on a heliocentric orbit or in the target's frame are almost identical. Moreover, both give similar results as the run with 4 times more particles, showing that the choice of 2 × 10 5 particles to define the target is rather conservative. Interestingly, the impact conditions of these simulations were all expected by the iterative procedure to result in M lr /M pb = 0.08. The accuracy of this procedure thus decreases for higher energy collisional regimes, in which reaccumulations take place at later times. In that case, the final bound particles cannot be accurately identified immediately at the end of the SPH fragmentation phase. As shown in Table II , the ejection velocities are in this case much higher than those achieved by the Eunomia fragments, which is consistent with the collisional regime of Koronis. Identical statistical results are found with the two chosen resolutions.
We next used the endstate of an SPH simulation with 2 × 10 5 particles to perform a simulation with inelastic bouncing allowed (SPIC) during the gravitational phase. SPIC results in a fragment size distribution, which begins to differ with that obtained by STIC at sizes smaller than ≈10 km (Fig. 2, bottom) , the slope 
FIG. 4.
Log-log plot of the cumulative diameter distributions (in km) of the fragments produced by the two simulations of the Koronis family with 5 × 10 4 particles and 2 × 10 5 particles. With the lowest resolution, one simulation was performed in the same frame as that of the simulation at higher resolution (i.e., target's center of mass isolated from any external perturbation), whereas the other was performed with the target placed 2.876 AU from the Sun. The two distributions with lower resolution were obtained 10.5 days after the impact. The one with higher resolution was obtained 23 days after the impact, which was necessary to reach the final M lr /M pb value.
becoming less steep (see Table II ). Nevertheless, fragments of diameter greater than 10 km are produced similarly, showing that the possibility of bouncing does not have any major effects, even in high-energy regimes, on the formation of the largest fragments. However, the number of fragments produced by at least one reaccumulation is about 3 times smaller with SPIC than with STIC. This is simply due to the more frequent high-speed collisions between fragments in the catastrophic regime. Also, the difference in the distribution of ejection velocities is slightly greater for the two simulations than it was in lower-energy impact energy regimes (see Fig. 5 and Table II) . Therefore, allowing for particle bouncing during the gravitational phase seems to be more important in the catastrophic regime, whereas it did not have any significant consequences in low-to intermediateimpact energy regimes.
Finally, in order to show that the chosen impact conditions are not unique and that other combinations can result in a statistically similar outcome, we simulated the break-up of the Koronis' parent body with two additional impact conditions. As we did for Flora (see Section 5), our aim was to reproduce a ratio M lr /M pb of the same order as the real one without looking for a good fit of the ejection velocity of the largest remnant. The two new impact conditions consider a projectile 20 km in radius impacting at (i) 3 km/s head on (Q = 1.71 × 10 9 erg/g), and (ii) 4 km/s with an angle of incidence of 42 degrees (Q = 3.04 × 10 9 erg/g). With perfect merging (STIC), the first impact condition leads to M lr /M pb = 0.06 and the second one gives M lr /M pb = 0.057. Both ratios are thus of the same order as the
FIG. 5.
Histogram of ejection velocities of fragments with size greater than the resolution for the three simulations of family formation. Left: simulations with perfect merging of colliding particles in the gravitational phase (STIC); right: simulations with particle bouncing allowed (SPIC). As in Fig. 1 , the names at the top of the plots correspond to the real family names.
real ratio M lr /M pb = 0.04. Figure 6 shows that the slopes of the fragment size distributions are similar to each other and to the original STIC run. Only some minor differences are present for the largest fragment sizes. Thus, several impact conditions can lead to similar M lr /M pb ratios and statistically identical outcome properties. Note that for expediency we generated only two new impact conditions, but in each regime there is certainly a wide range of impact parameters that should lead to statistically similar outcomes.
IMPLICATIONS FOR THE PROPERTIES OF REAL FAMILIES
Several implications can be drawn from our simulations by comparing them in more detail with the observed properties of real families. Until recently, the common belief was that present asteroid families are simple images of their primordial structure. In fact, our current understanding of collisional and dynamical evolution instead indicates that the original properties of asteroid families are difficult to characterize since they depend on the subsequent collisional evolution of family members and on their complete orbital evolution. These effects are indeed not included in the secular perturbation theory used to derive their proper orbital elements. In particular, over time scales longer than a few 10 6 year, proper elements can significantly change, reflecting the accumulation of tiny nonperiodic effects caused by chaos and nonconservative forces. Therefore, though family identifications have been enabled and improved thanks to the development of sophisticated tools , the slope of their size distributions as well as the orbital dispersion of their members may well have been modified from their original values (see below for more detail). Thus, we cannot expect a perfect agreement between our simulations and the observed properties of these already evolved families. On the other hand, a comparison is important to check whether our results are consistent with studies on collisional and dynamical evolution of family members.
To compare the resulting size distributions of our simulations to those derived for the real families by Tanga et al. (1999) , we have computed the powerlaw slope of the cumulative size distributions. Table II summarizes the results. It is important to recall that the size distributions of the real families are not directly observed but rather deduced from observations. For example, the albedo value used to convert magnitude into diameter is measured for only a few members, and below the completeness diameter, it is obtained from a geometric model (see Tanga et al. 1999 for details). In the case of Eunomia, the distribution of the real family was thus fit using a power-law exponent equal to −4.40 ± 0.42 (Tanga et al. 1999) . Our STIC and SPIC simulations both result in a power-law exponent of −4.90 ± 0.16. For Flora, the real family is fit with a power-law exponent equal to −2.85 ± 0.17, whereas the fitting exponents of our STIC and SPIC simulations at 5.8 days after the impact are, respectively, −6.63 ± 0.21 and −5.58 ± 0.16. The fit at the same instant for the second STIC simulation resulting in a largest remnant with a smaller ejection velocity (14 m/s) gives an exponent of −7.99 ± 0.25. Finally, for the Koronis family, the power-law exponent fitting the real distribution is equal to −2.55 ± 0.34, whereas the ones found for our STIC and SPIC simulations with highest resolution (2 × 10 5 particles) are equal to, respectively, −4.56 ± 0.02 and −3.20 ± 0.02.
Generally, the size distributions obtained by SPIC are less steep than the ones by STIC, but they remain steeper than those of real families, which is consistent with subsequent collisional erosion. Indeed, studies of collisional evolution (see, e.g., Marzari et al. 1999) suggest that the subsequent collisional evolution of members of any given family leads progressively to a size distribution that converges toward a −2.5 power-law exponent (Dohnanyi 1971) , starting from a greater absolute value. Interpreting the differences in slopes between the computed and observed families as a consequence of subsequent evolution indicates a young age for the Eunomia family, given the small difference in the slopes and assuming standard collisional erosion. Conversely for Koronis, an originally steeper slope is consistent with the estimated ≈1.5 billion-year age of the Koronis family, based on crater counts of member Ida's surface from Galileo spacecraft observations (Chapman et al. 1996) . For Flora, the much steeper slopes from our simulations with respect to the one deduced from observations suggest that either (i) Flora was created a fairly long time ago, or (ii) the real family is poorly identified and its properties are not reliable. Scenario (i) seems improbable since recent studies have shown Flora lies in a region where many efficient diffusion mechanisms occur so that an old family would have already been evaporated. Possibility (ii) seems much more likely, as suggested by the spreading of real family members in proper element space (Fig. 7) . This is also the reason why the Flora family is often called a clan rather than a family. In addition, and even worse for a reliable comparison, more than one family could actually coexist in this region. If this is the case, the outcome properties of a single break-up by even more realistic simulations may never be able to explain the observed properties. Thus, our simulations may in fact just provide some information on the break-up of a 164-km-size body in the intermediate regime, without a possibility to link it with a real case.
As we have just discussed, an important comparison concerns also the orbital dispersion of the fragments as a result of the break-up. Some results have already been published by Michel et al. (2001) concerning Eunomia and Koronis, showing that their current orbital dispersion is larger than the one resulting from the break-up itself. Recall that fragment orbital elements can be computed by Gauss formulae, which relate fragment velocities to orbital elements by giving for each member the distance of its orbital elements δa, δe, and δ I to the barycenter of the family. The barycenter of Eunomia (i), Koronis (ii) and Flora (iii) are placed at: (i) a b = 2.643 AU, e b = 0.148 and
FIG. 7.
Left: from top to bottom, histograms of the proper semi-major axis, eccentricity, and sine of inclination of both the real members of the Flora family (blue, open) and the simulated (STIC) family (red, filled). For the latter, the orbital elements are computed from Gauss' equations, assuming a main belt-like orbit of the projectile (see text for details). The values of the parent body's true anomaly at impact f and its sum with the argument of perihelion ω + f are assumed to be equal to, respectively, 90 • and 0 • . The histograms are individually normalized to the number of objects in the most populated bin. Right: distributions in the eccentricity versus semi-major axis plane of the real members (blue) and of the simulated (STIC) family (red) for two different values of f and ω + f of the parent body (indicated at the top of each panel), but for the same orbital parameters of the projectile. This shows the dependency of the shape in the (a, e) plane of the family of fragments immediately after the break-up on the chosen values of the unknown parent body's orbital angles. 
where V T , V R , and V W are the components of the ejection velocity in the along-track, radial, and out-of-plane directions, respectively; n is the mean motion; f is the true anomaly of the parent body at the instant of the break-up; and ω is its argument of perihelion. These last two angles are not known, the most sensitive one being f (Zappalà et al. 1996) . Assuming different values for this angle changes the shape and orientation of the cluster containing the family members in orbital element space, as Fig. 7 shows (see also Fig. 3 in Michel et al. 2001) . Note also that the ejection velocities of our fragments are defined in the target's barycenter reference frame, with the z-axis in the direction of the projectile's impact velocity. In reality this orientation of the projectile is highly improbable.
To be more realistic, we have considered main belt values as the orbital elements of the projectiles and usedÖpik's theory (Öpik 1951) to derive from these values the direction of the impactor's velocity vector. Indeed, the impact velocity of the projectiles fixes the so-called Tisserand parameter, 1 which in turns fixes the projectile's eccentricity, given the values of the semi-major axis and inclination of the projectile, and the value of the semi-major axis of the parent body. The direction of the impactor's velocity vector can then be determined usingÖpik's geometry, which then allows us to transform the components of the ejection velocities from the original reference frame to their components in the radial/along-track/out-of plane reference frame.
Concerning Koronis, Bottke et al. (2001) have confirmed that the observed properties do not represent the original positions of proper elements of the fragments following the break-up. In fact, they can be explained starting from the smaller dispersion produced by our simulations and letting the members evolve under the effects of slow diffusion mechanisms and nongravitational forces. In particular, high-order secular resonances, meanmotion resonances even involving two planets (Morbidelli and Nesvorný 1999) , and the Yarkovsky thermal effect (Farinella and Vokrouhlický 1999) have recently been shown to be capable of altering the reliability of the proper element computation. While proper elements are conventionally assumed to retain memory of the initial positions, these recent studies have definitely demon-1 Strictly speaking, the Tisserand parameter is a constant in the restricted circular three-body problem but it is often used in the context of the close approach of a small body to a planet or a larger body. During such an encounter, as a first approximation, the system has the configuration of a three-body problem in which the Sun and the larger body are considered to be the main perturbers. In our problem, the larger body is the family's parent body and the Tisserand parameter is then T = a pb /a + 2 ---------
2 )/a pb cos(I ), where a pb is the parent body's semi-major axis and a, e, I are, respectively, the semi-major axis, eccentricity, and inclination of the projectile's orbit (see, e.g., Carusi et al. 1987) . Since T relates directly to the encounter velocity U of the projectile with the parent body by the expression U = √ 3 − T , knowing this velocity sets T . Then, assuming some reasonable values of the semi-major axis and inclination of the projectile's orbit such that it is located in the main belt, the Tisserand parameter sets its eccentricity. This procedure thus allows us to set the orbital parameters of the projectile and thus the direction of the impact velocity vector. strated that this is not necessarily true, even for the proper semimajor axis when the asteroid is not too large. The current proper elements of family members can then hardly be interpreted as their original positions but are rather a result of such processes, whose effects are to diffuse family members in orbital element space, starting from a smaller dispersion. Thus, the degree of spreading observed now, together with the knowledge of the degree of dispersion resulting directly from the break-up, should better constrain the age of the family, once the efficiency of these diffusion processes is well known. As one can see, our simulations, which produce a denser grouping of the fragments than for the observed ones, are thus consistent with these studies on diffusion processes.
In the particular case of Flora, the denser grouping compared to the dispersion of real family members (Fig. 7) can also be interpreted as another argument for efficient diffusion in the Flora region. The values of the semi-major axis, eccentricity, and inclination of the projectile arbitrarily used to compute the distributions of the simulated families (Fig. 7 ) are equal to, respectively, 2.3 AU, 0.246, and 1.5
• . Although we did not investigate the dependency of the shape of the family in the (a, e, sin(I )) space on the full range of possible impactor orbital elements, several impactor orbital elements were tried and showed only slight differences in the grouping of the fragments in the (a, e) plane. Although this will have to be confirmed by a full investigation, this suggests that the critical parameters for the shape of the grouping are the true anomaly and argument of perihelion of the parent body at the instant of impact. Note also that both STIC and SPIC result in a similar degree of dispersion.
Dynamical studies of the Flora region have shown that many efficient diffusion mechanisms can occur, such as active meanmotion resonances with Mars and Jupiter (Nesvorný et al. 2002) . Interestingly, Fig. 7 shows that the distribution of semi-major axes of our simulated families is off set on the left with respect to that of the real members. Such an offset requires that the real family members moved toward larger semi-major axes during their evolution. Actually, this supports a scenario proposed by Nesvorný et al. (2002) . In this scenario, the parent body of the Flora family would have been disrupted at 2.2-2.23 AU, generating a tight grouping like the one produced in our simulation. The small fragments would then have drifted quickly toward smaller semi-major axes, due to the Yarkovsky effect, and would have been removed by the resonances and Mars encounters, while those drifting to larger semi-major axes could survive. Thus, the family would now appear more populated at larger semi-major axes than at its original position. Alternatively, the possible coexistence of more than one family identified as a wide single one is also not ruled out by our simulations and by Nesvorný et al. (2002) . Therefore, it is still not possible to definitely conclude on the origin and characterization of the Flora family. Nevertheless, our simulations of the break-up of a Flora-like parent body in the corresponding regime provide at least some properties of a possible outcome of such an event. Note. The third column indicates the total number of satellites (percentage of the total number of SPH particles) with orbits entirely inside the Hill's radius of their primary. Q is the maximum distance to the primary of the satellite along its orbit. In the columns with R > R min , only objects with radius greater than the minimum value R min imposed by the resolution of our simulations have been considered. The last column gives the mass ratio of the largest satellite to the primary. The higher mass ratio in the case of Koronis can be explained by the already small value of largest remnant mass itself (4% of the parent body mass).
SATELLITE FORMATION DURING COLLISIONS
One last important phenomenon is the natural and frequent production of small satellites of some fragments during a collisional event. The possibility that reaccretion may produce asteroid satellites has already been suggested by Durda (1996) and Doressoundiram et al. (1997) , and many two-body systems (binaries) have now been observed (Merline et al. 1999) , like the one involving the Koronis member Ida and its little moon Dactyl . Our simulations, both STIC and SPIC, confirm the production of numerous satellites of the largest fragment. However, due to the complexity and wealth of data on the process of satellite formation following such collisions, we postpone a detailed study of this phenomenon to a forthcoming paper.
As an illustration, we list in Table III the number of satellites of the largest remnant only for each of the families. As one can see, in all cases, SPIC gives a smaller number of satellites with radius above the resolution than STIC, but a greater number of satellites in total. This is due to the fact that the possibility of bouncing prevents some reaccumulation to occur, and thus increases the number of particles with size equal to the resolution. Hence, this adds a possibility to generate satellites. In any case, both STIC and SPIC result in a large number of satellites for each family.
CONCLUSION
This work has extended the work of Michel et al. (2001) by showing new simulations aimed at testing the sensitivity of the previous results and thus at checking their robustness. Moreover, we improved the simulations of the gravitational phase of the collision by allowing the possibility of bouncing when two particles collide under certain conditions. Then, the intermediate impact energy regime, which leads to a mass ratio of the largest remnant to the parent body around 0.5, has been investigated, represented by the break-up of the Flora family parent body.
Our general conclusion is that our simulations, accounting for both the fragmentation and the gravitational interaction of the fragments, confirm the production of both large and dispersed bodies as observed in asteroid families and the formation of satellites around some asteroids. These phenomena result from reaccumulation during the gravitational phase of the collision. The robustness of this process is confirmed, since it occurs independent of the chosen values for the free parameters and the degree of sophistication in our simulations. This is the reason why laboratory experiments on centimeter-sized targets have failed to explain the asteroid family paradox (forming both large and dispersed fragments), gravitational interactions of fragments being negligible at this scale.
The results of these simulations compared to the corresponding families as we observe them today show some differences. However, the differences are fully consistent with our current understanding of the dynamical and collisional evolution of families, which indicate that (i) collisional erosion tends to reduce the slope of the fragments' size distribution and (ii) dynamical diffusion processes (resonances, Yarkovsky effect) spread their positions in proper element space.
Allowing the fragments to bounce when they collide during the gravitational phase does not result in statistically different outcomes compared to the previous simulations in which fragments always merged upon collision. But the possibility of bouncing adds two additional free parameters, which are the two coefficients of restitution (tangential and normal) of the fragments' velocities, arbitrarily set to 0.5 in this work. The sensitivity of the outcome on the value of these coefficients will be the subject of one of our future investigations. Also, we leave a detailed investigation of the fragment spin statistics in our simulations to a separate study. A preliminary analysis suggests that the average spin values that we obtain are compatible with observations, independent of the impact energy regime.
Finally, we note that prior to a dispersing event, it is likely that bodies of sizes as large as family parent bodies have already been shattered by numerous previous small impacts, so that using a monolithic target may not appear realistic. A detailed analysis of rubble pile break-ups will be addressed in a forthcoming paper. We stress however that before being dispersed our parent bodies are also totally shattered during the fragmentation phase, and because gravity dominates over mechanical strength at these scales, this happens at correspondingly low energy costs. Consequently, while the collisional outcome may change in details, the internal structure of the parent bodies can certainly not prevent reaccumulation to occur.
Further analysis of family formation and more generally of collisional break-ups will also be done by applying our procedure in the future. Among the goals, one will be to study the different collisional regimes that can eventually lead to the injection of small bodies in transport routes to the Earth. According to our simulations, depending on its size, such a threatening body could be the result of gravitational reaccumulation, making it more resistant to impacts compared to a monolithic body (Asphaug et al. 1998) . A good understanding of the collisional process and its possible outcomes is thus also required in the context of protection against potential Earth impactors.
